Although recession of waterfalls or knickpoints in bedrock rivers is a common geomorphological process, detailed mechanics of waterfall recession has only been examined in a few cases. Caprock recession model at Niagara Falls, in which gravitational collapse of caprock induced by undercutting notch plays a significant role, has been one of the well-known models describing the waterfall erosion, but the validity of the model has hardly been examined in a quantitative context. Here we assess the stability of the cliff of waterfall face of Niagara Falls in terms of the strength of bedrock and the length of undercutting notch. The result of a cantilever model analysis shows that the caprock remains stable until the undercut reaches tens to over a hundred meters. However, the actual length of undercutting notch of waterfall face is up to 10 m, and such a long notch to cause gravitational collapse of the caprock can hardly be formed. The recession of the waterfall could therefore be caused by gradual detachment of the rock of the waterfall face induced by fluvial erosion of surface water flow, rather than by elongation of undercutting notch and episodic gravitational collapses of the caprock.
Introduction 1 2
Fluvial erosion is a significant agent in shaping bedrock landforms in mountains and 3 hills (Wohl, 1998) , and the erosion is often active and intense at waterfall sites (Begin et al., 4 1980; Young, 1985) . Rates of bedrock erosion at waterfalls are abruptly higher than those in the 5 other portions of riverbeds (Young and Falls occurs by undercut erosion of the shale layer at the waterfall face followed by the collapse 17 of the upper dolomite layer, this undercut model, also referred to as the caprock model, has long 18 been the most famous and commonly cited as the representative erosion model of waterfalls 19
However, Gilbert's (1890) argument has just been based on a qualitative description that the 20 overhanging upper dolomite layer seems harder and the underlying lower shale layer seems to 21 be weak enough to be easily eroded, and quantitative support for the model has been limited. As 22 far as the authors know, there has been no significant progress in researches on the mechanisms 23 of erosion at Niagara falls since the Gilbert's (1890) argument, with some exception by Tinkler 24 (1994 Tinkler 24 ( , 2004 who suggests that the plunge-pool current or swirling flow seems to have 25 insufficient power to erode bedrock at the base of the waterfall, and by Philbrick (1970) who 26 can only occur in weathered rocks along the cliff without erosion by stream water, so that this 31 may not be applicable to the waterfall face where fresh bedrock always exposes. 32
To test the validity of the undercut erosion hypothesis of the waterfall, i.e., the 33 possibility of collapse of the overlaying caprock dolomite layer by undercut of the lower shale 34 layer, here we perform a quantitative assessment of mechanical properties of the rock at Niagara 35
Falls and the stability of the cliff of the waterfall face. First, for the assessment of the rock 36 strength, we use a Schmidt hammer equipment to obtain the unconfined compressive strength of 37 the rock mass including some effects of surface discontinuities with centimeter-scale spacing. 38
Then we test a cantilever beam model using the rock strength data to examine the stability of the 39 waterfall face with long undercut notch. This simple model of cliff failure is a prevailing theory 40 but has never been tested for the case of waterfall erosion. Previous studies on the recession of Niagara Falls have mostly focused on this 56
Horseshoe Falls whose recession history has well been recorded, providing detailed descriptions 57 regarding its recession through the last century (Gilbert, 1907; Philbrick, 1970; Tinkler, 1987) . shale with a height of 21 m (Fig. 2B) . Although Gilbert (1890) speculated that the depth of the 80 plunge pool is deeper than 60 m ( Fig. 2A) , accurate dimensions of the under-water morphology 81 has not been measured (Fig. 2B) . On the cliff face at and around Horseshoe Falls, the upper 82 dolomite layer is hanging over the lower shale layer. The horizontal length of the notch 83 undercutting into the shale layer, here referred to as the notch length, is several meters and no 84 longer than 10 m (Fig. 2C ). There is a window on the waterfall face from a tunnel within the 85 shale layer for sightseeing, named "Journey Behind the Falls", is another evidence for the short 86 notch length. 87 strength S c using a general value of britness, the ratio of S t to S c , which ranges from 5 to 25 for 112 various rock types (Sunamura, 1992 condition is the same, differences by weathering conditions were much clearer than those by 119 rock types (Fig. 3, Table 1 ). Because the bedrock suffering from erosion under flowing water is 120 usually fresh, we adopt the average rebound value for fresh dolomite and shale (R N = 52.3%) as 121 the representative value of the rock mass strength. This is equivalent to the S c of 99.71 MPa, 122 which is quite similar to the S c for the dolomite layer along the Niagara Escarpment near the 123 Niagara (99. Table 7 model, which enables to estimate critical notch depth, is often suitable for the assessment 131 times greater than the tensile strength (S t ) (e.g., Sunamura, 1992) , the tensile strength is 143 predominantly responsible for the cliff failure (Fig. 4) . Since the cliff failure is supposed to 144 occur from the upper section when the maximum bending stress σ max exceeds the tensile 145 strength S t , the critical notch length l c is obtained from Eqs. The stability analysis above gives a first-order estimate of the mechanical stability of 176 the waterfall cliff, indicating that the caprock dolomite layer of the waterfall face becomes 177 unstable and collapse when the undercutting notch length reaches tens of meters, even when the9 weathering condition and size effect, reducing the rock mass strength, are considered for the 179 rock strength estimate. However, such a long notch is not observed at the bottom of Horseshoe 180
Falls where actual undercut is no longer than 10 m (Fig. 2C) . The existence of a tunnel within 181 the waterfall face behind the water drop, from which one can see the back of the water curtain 182 through a window, also indicates the shortness of the undercut. Also, literatures or photographs 183 documenting the shape of the waterfall in the past do not indicate the existence of such a long 184 notch beneath the waterfall (e.g., Dunn, 1998). Furthermore, processes which form a long 185 undercutting notch into the lower shale layer are hardly specified: backward flow erosion of the 186 falling water does not seem strong enough to erode the shale layer having almost the same rock 187 strength as the upper dolomite layer (Table 1) Cavitation is a possible process occurring at the crest to cause the detachment of the upper 212 dolomite (e.g., Philbrick, 1970) , and toppling may also occur by surface flow pressure (Lamb 213 and Dietrich, 2009). Whereas, abrasion or erosion by sediment particle impact unlikely operates 214 on the face of the waterfall because almost no sediment is transported in the Niagara River due 215 to the sediment trap by upstream Lake Erie and other lakes of the Great Lakes. 216
Frost weathering actively occurs in the site under the cold climate, and the rock 217 surface of the cliffs along the Great Gorge is commonly weathered. The lower shale layer 218 especially seems vulnerable to the weathering due to the dense bedding planes and joints. The 219 overhanged shape of the profile of the cliffs at and around the waterfall can therefore be the 220 result of the relatively intense weathering on the lower shale layer compared to the upper 221 dolomite layer. However, the rate of cliff retreat by frost weathering is generally low: for 222 instance, the cliff retreat rate in unconsolidated pumice deposits by freeze-thaw action is only 223 0.01 m y -1 (Matsukura, 1988 (Matsukura, , 2008 . Although the weathering rate can differ with different 224 lithology and environment, the intensity of frost weathering is unlikely to exceed that of fluvial 225 erosion in the study site causing such the rapid (1 m y -1 ) recession of the waterfall. 226 227
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